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Abstract 
Next-generation DNA sequencing platforms have become widely available, reducing 
the cost of DNA sequencing and increasing data throughput of DNA sequence. These 
new technologies promise a new ear in the applications of DNA sequence such as 
gene expression, cancer genome research, ChIP-Seq and RNA-Seq. However, some 
of them produce very short reads, typically tens of base pairs, which demands new 
algorithms and software to generate entire DNA sequence. The difficulty of short 
reads assembly is from high error probability of reads alignment and ambiguity 
within the genome. This report describes the principle of DNA sequencing and some 
applications of sequence information, discusses two reference assembly softwares, 
MAQ and BOWTIE. 
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Introduction 
In 1976, Allan Maxam and Walter Gilbert developed a DNA sequencing method 
based on chemical modification of DNA and subsequent cleavage at specific bases 
(Maxam and Gilbert et al. 1976), but it soon fallen out of popular due to its technical 
complexity. 
The development of DNA sequencing determination technologies have being 
enhancing speed, sensitivity and throughput for the biological study. The majority of 
DNA sequence production has relied on some version of the Sanger biochemistry 
(Sanger et al. 1977). Genomic DNA is fragmented, then cloned to a plasmid vector 
and used to transform E. coli. For each sequencing reaction, a single bacterial colony 
is picked and plasmid DNA isolated. Each cycle sequencing reaction generates a 
ladder of ddNTP-terminated, dye-labeled products, which are separated by 
electrophoresis. As fluorescently labeled fragments pass a detector, the 
four-channel emission spectrum is used to generate a sequencing trace.  
However, this technique faces limitations in both throughput and cost for most 
future applications. In the past a couple of years, several next-generation of 
sequencing technologies have emerged. Their work flows are similar, Library 
preparation is accomplished by random fragmentation of DNA, followed by ligation 
of common adaptor sequences. The generation of clonally clustered amplicons to 
serve as sequencing features can be achieved by several approaches, including 
emulsion PCR, bridge PCR. The sequencing process consists of cycles of 
enzyme-driven biochemistry and imaging-based data acquisition. Next-generation 
sequencing has the ability to sequence the mate-paired ends of a given fragment, 
using a slightly modified library process.  
There are at least three platforms of next-generation sequencing are available in 
commercial market, including 454/Roche system, Illumina/Solexa and ABI SOLiD. 
454 sequencing, commercially introduced in 2005, works on the principle of 
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‘pyrosequencing’, which uses the pyrophosphate molecule released on nucleotide 
incorporation by DNA polymerase to support a downstream set of reactions that 
ultimately produces light from the cleavage of oxyluciferin by luciferase. Introduced 
in 2006, the Solexa process involves using a micro-fluidic cluster station to add 
these fragments to the surface of a glass flow cell, where each cluster is supplied 
with polymerase and four differentially labeled fluorescent nucleotides. Each base 
incorporation cycle is followed by an imaging step to identify the incorporated 
nucleotide at each cluster and by a chemical step that removes the fluorescent 
group for the next base incorporation cycle. SOLiD, commercial released in 2007, 
adapt DNA fragments on 1 μm beads. After amplification, the beads are covalently 
attached to the surface of a specially treated glass slide. The sequencing process 
starts with the annealing of a universal sequencing primer that is complementary to 
the SOLiD specific adapters on the library fragments. When a matching octamer 
hybridizes to the DNA fragment sequence, DNA ligase seals the phosphate 
backbone. After the ligation step, a fluorescent readout identifies the fixed base of 
the octamer, removes the fluorescent group and enabling a subsequent round of 
ligation.  
Next-generation sequencing technologies are being used for resequencing to detect 
genome variations such as single nucleotide polymorphisms or large-scale 
structural variations. Because understanding these variations can immediately 
impact medical sciences, making sequencing more efficient and accessible is 
imperative. However, the major limitation of them is that reads length is much 
shorter than Sanger method; and the repetitive regions in genome may cause 
wrong assembly. Thereby require strong assembly tools to merge millions of 
short-reads. Currently, there are several assembly tools are available. They utilize 
reads quality to improve mapping accuracy. 
Except ‘next-generation’ sequencing, ‘high throughput’, ’ultrahigh-throughput’, 
‘ultra-deep’, ’massively parallel’ sequencing are also used for name current 
sequencing methods. How to call more powerful technology? Or simply name them 
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as ‘next-next-generation’. 
This report reviews the principle of next-generation sequencing, describes three 
commercial platforms including 454 system, Solexa and SOLiD. Also summarizes 
some significantly applications of next-generation sequencing such as structural 
variations, gene function. At the end, introduces two short-reads assemblers (MAQ 
and BOWTIE), which are reference assembly softwares; analyze their performance 
with test result. 
 5
Chapter 1. Sequencing principle 
In 1977, Sanger sequencing (Sanger et al. 1977) revealed a new method for 
determining nucleotide sequences in DNA. The multi-step principle has been used 
for the sequencing of various prokaryotic and eukaryotic genes. Currently, the 
development of next-generation sequencing has significantly improved the 
throughput and decreased cost with the advanced chemistry and instrumentation. 
This chapter reviews their general principles. 
1. Sanger sequencing method 
Sanger sequencing (also known as dideoxy sequencing) blocks continued DNA 
synthesis with ddNTP (dideoxynucleotide triphosphate). A dideoxynucleotide lacks 
the 2’-hydroxyl group which is also absent in a deoxynucleotide, and the 3’-hydroxyl 
group. (Figure 1-1) 
 
 
 
Figure 1-1 The structure of 2’,3’-dideoxynucleotides. 
 
During DNA synthesis, the DNA polymerase must add deoxynucleotide 
triphosphates (dNTP) in the growing 5’-chain end. The cleavage of high-energy 
bond provides the energy for polymerization. The Sanger method replaces dNTP 
with ddNTP, strand elongation is halted immediately after ddNTP analog is added, 
because it lacks the 3’-hydroxyl group desired for the next step. The DNA 
sequencing requires template strand, a short primer, labeled DNA polymerase with 
radioactivity or fluorescence, dNTPs (dCTP, dGTP, dATP and dTTP) and one of 
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ddNTPs (ddCTP, ddGTP, ddATP and ddTTP). When a ddNTP is added into the reaction 
solution, each new strand has a high probability that synthesize at least one ddNTP 
at a random position. The result is a solution contain a mixture of labeled DNA 
fragments in different length, each one is ended by the ddNTP. The electrophoresis 
reveals the locations of ddNTP. The procedure is repeated separately for each of four 
ddNTPs. The sequence can be read directly from an autoradiogram of the gel. The 
shorter fragments migrate faster than longer fragments, so the fragment near the 
bottom represents the nucleotide closest to the primer. (Figure 1-2) 
 
 
a) Initiate DNA synthesis with (radioactively or fluorescently) labeled primer. 
 
b) ddNTP interrupts elongation at different locations, 
repeat the procedure for each ddNTP. The 
electrophoresis reveals the residues. 
 
 
 
 
 
 
 
 
 
 
 
 
c) Read the complementary sequence of the template strand from 
autoradiogram film. 
 
 
 
 
 
 
 
Figure 1-2 the procedure of Sanger sequencing. (Anthony et al. 2004) 
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2. Pyrosequencing 
There are limitations of Sanger sequencing that inhibit its wide usage. First, the cost 
even at draft level is expensive, the expense of an accurate high quality mammalian 
genome sequence reach several million dollars. Second, the ability of throughput 
fails to be satisfied the requirement of rare mutations in a cell population. 
Three new methods have been developed to conquer the weakness of Sanger 
sequencing, hybridization (Bains and Smith et al. 1988), parallel signature (Brenner 
et al. 2000) and pyrosequencing (Ronaghi et al. 1996). The application based on 
pyrosequencing is available in commercial market. 
ATP supplies energy with hydrolysis reactions in which water displaces PPi (or Pi), 
the conversion of ATP to ADP and Pi (or, in some cases, of ATP to adenylate moiety 
(AMP) and PPi). Pyrosequencing is based on the detection of released 
pyrophosphate (PPi) during DNA synthesis. Polymerase catalyzes the nucleic acid 
polymerization reaction in which PPi is released as a result. The released PPi is 
subsequently converted to ATP by ATP sulfurylase. ATP provides energy to luciferase, 
which oxidize luciferin and generate light. (Figure 1-3) 
 
a) ( ) PPiNANucleotideNA nPolymerasen +⎯⎯⎯ →⎯+ +1)(  
b)  24
−+⎯⎯⎯ →⎯+ SOATPAPSPPi esulfurylas
ATP
c)  LightCOinOxyluciferPPiAMPOLuciferinATP Luciferase ++++⎯⎯⎯ →⎯++ 22
 
Figure 1-3 The principle of pyrosequencing. a) A polymerase catalyzes the reaction add incoming 
nucleotide into a growing DNA chain. As a result, a pyrophosphate molecule is released. b) ATP 
sulfurylase converts it to ATP. c) When luciferin is oxidized, Light is generated in the luciferase catalyzed 
reaction. 
 
In a pyrosequencing reaction, One pmol of DNA generates photons at a 
wavelength of 560 nanometers, the detection of light takes place 3-4 sec at room 
temperature. CCD camera can easily catch this amount of light. 
9106∗
 8
There are two different strategies of pyrosequencing reaction, solid-phase (Ronaghi 
et al. 1996) pyrosequencing and liquid-phase pyrosequencing (Ronaghi et al. 
1998b). The difference between them is that solid-phase use three-enzyme system 
as previous description; liquid-phase is four-enzyme system. In solid-phase system, 
removes the excess substrate in wash step after each nucleotide addition. 
Liquid-phase pyrosequencing utilizes an extra nucleotide-degrading enzyme, 
apyrase. The addition of apyrase has eliminated excess substrate; allow other 
nucleotides to be added subsequently without intermediate wash step. This enzyme 
shows high catalytic activity and efficiently degrades free nucleotide from 
triphosphate form to nucleotide diphosphate and finally to nucleotide 
monophosphate. 
3.  454 Pyrosequencing technology 
454 Life Sciences, a center of excellence of Roche Applied Science, develops the 
innovative genome sequencer system for ultra-high-throughput DNA sequencing. 
Specific applications include de novo sequencing and re-sequencing of genomes, 
RNA analysis, and targeted sequencing of DNA regions of interest. 454 Life Sciences 
has developed a novel and highly parallel system based on the solid-phase 
pyrosequencing chemistry (Nyren et al. 1993), the first next-generation sequencing 
system on the market was in 2005. It can do whole-genome sequencing, 
metagenomics & microbial Diversity, sequencing of small genomes, viruses, 
plasmids, or mitochondria, sequence capture targeted region, small RNA and 
transcriptome sequencing.  
In this system, clonally amplified and adaptor ligated target DNA to be set on 
micro-sized beads using an emulsion-based PCR method (emPCR) (Dressman et al. 
2003). DNA synthesis is performed immediately on the template-carrying beads. 
Those beads are preloaded into a microfabricated glass plate which contains 1.6 
million reactor wells. The four nucleotides are continuous added through the plate 
while a CCD camera detects light which is generated when the incorporation of a 
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nucleotide occurs to determine DNA sequence. 
The complete sequencing workflow of the 454 FLX System comprises four main 
steps, leading from purified DNA to analyzed results. These basic steps include: A 
Generation of a single-stranded template DNA library. B Emulsion-based clonal 
amplification of the library. C Data generation via sequencing-by-synthesis. D Data 
analysis using different bioinformatics tools (Figure 1-3). 
The 454 FLX System supports the sequencing of samples from a wide variety of 
starting materials including genomic DNA, PCR products, BACs, and cDNA. Currently, 
The Genome Sequencer FLX Instrument of 454 can generate more than 1,000,000 
individual reads with read length of 400 bases per 10-hour instrument run 
(http://www.454.com). 
A.  Generation of DNA library. 
⑴                          ⑵                          ⑶ 
       
B                             C                            D  
          
emPCR amplification.         One Bead = One Read.              Data Analysis 
 
Figure 1-3. Workflow of the 454 FLX system. A. Generation of a single-stranded template DNA library. ⑴ 
Samples are fractionated into small, 300- to 800-basepair fragments. ⑵ Short adaptors (A and B) - 
specific for both the 3' and 5' ends - are added to each fragment. The adaptors are used for purification, 
amplification, and sequencing steps. ⑶ The single-stranded DNA library is immobilized onto specifically 
designed DNA Capture Beads. Each bead carries a unique single-stranded DNA library fragment. B. Each 
unique sample library fragment is amplified. Amplification of the entire fragment collection is done in 
parallel; this result in a copy number of several million per bead. Subsequently, the emulsion PCR is 
broken while the amplified fragments remain bound to their specific beads. C. The clonally amplified 
fragments are enriched and loaded onto wells for sequencing. The diameter of the wells allows for only 
one bead per well. After addition of sequencing enzymes, individual nucleotides in a fixed order cross the 
hundreds of thousands of wells. Addition of one (or more) nucleotide(s) complementary to the template 
strand results in a chemiluminescent signal recorded by the CCD camera. D. The combination of signal 
intensity and positional information allows the software to determine the sequence 
(http://www.454.com). 
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4.  Illumina’s Solexa sequencing technology 
Illumina BeadArray technology at Tufts University and negotiated an exclusive 
license to that technology. Illumina began offering SNP genotyping services in 2001 
and launched its first system. Illumina announces the acquisition of Solexa in Nov 
2006, the developer of a genomic-scale sequencing technology. Combined, illumina 
now offers the ultimate tool set for genetic analysis. Leverage single- or paired-end 
reads for: whole-genome sequencing and resequencing, de novo sequencing, 
discovery of SNPs, copy number variations, and chromosomal rearrangements 
including deletions, insertions, and translocations. 
This Illumina’s Solexa sequencing system starts with a library preparation strategy 
that is similar to the 454 FLX approach. However, the following template capturing 
and amplification process are quite different. Solexa system utilizes the solid-phase 
bridge PCR method. It relies on alternating cycles of extension with polymerase and 
degradation (Chetverina et al. 1993). Solexa sequencing amplifies the target DNA 
templates that are randomly clustered on the surface of a flow cell (Bentley et al. 
2006). The detection of sequences of the resulting templates uses a four-color 
fluorescent dye via repeated cycles of polymerase-mediated primer extension 
reactions. In its approach, both forward and reverse PCR primers are tethered to a 
solid substrate, such that all amplicons arising from any single template molecule 
during the amplification remain immobilized and clustered to a single physical 
location on an array. After cluster generation, the amplicons are single stranded and 
a sequencing primer is hybridized to a general sequence flanking the region of 
interest. Each cycle of sequence interrogation consists of single-base extension with 
a modified DNA polymerase and a mixture of four nucleotides (Figure 1-4). 
Compared to the 454 technology, the Illumina/ Solexa technology can generate 
DNA sequence data at substantially higher throughput and lower cost. For now, 
Solexa system can create an ultra-high density sequencing flow cell with ≥50 million 
clusters, each containing ~1,000 copies of the same template. This system 
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currently generates a throughput of >3 Gb of paired-end data with a read length of 
>36 bp per week (http://www.illumina.com). 
 
A                                         B  
     
prepare genomic DNA sample.                 attach DNA to surface 
 
C                                 D                                 E 
 
bridge amplification.           double stranded fragments.               denature fragments. 
 
F                              G                                  H  
   
completion of amplification.          determine first base.         image of first chemistry cycle. 
 
Figure 1-4. Workflow of Solexa sequencing. A. randomly fragment genomic DNA and ligate adapters to 
both ends of the fragments. B. bind single stranded fragments randomly to the inside surface of the flow 
cell channels. C. adds unlabeled nucleotides and enzyme to initiate solid-phase bridge phase. D. 
fragments become double stranded. E. denatures the double stranded fragments. F. repeat the cycle of 
solid-phase bridge amplification. On completion, several million dense clusters of double stranded DNA 
are generated in each channel of the flow cell. G. to initiate first sequencing cycle, add all four labeled 
reversible terminators, primer and DNA polymerase to the flow cell. H. after laser excitation, captures 
the image of emitted fluorescence from each cluster on the flow cell. Record the identify of the first base 
for each cluster (http://www.illumina.com). 
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5.  SOLiD technology 
The Supported Oligonucleotide Ligation and Detection Platform (SOLiD) is based on 
polymerase colony approach (Mitra et al. 2003), acquired by Applied Biosystems in 
2006. 
Its sample preparation and amplification of target DNA are similar to 454 system, 
both of them use emPCR to clonally amplify target DNA and set them on micro-sized 
beads. However. SOLiD utilizes the 1 μm beads for emPCR, the beads size of the 454 
system is 26 μm. SOLiD is randomly array format, 454 is ordered. The differences 
allow SOLiD technology to generate a few hundred higher density sequencing array. 
SOLiD can do De Novo sequencing, targeted resequencing, and whole genome 
resequencing. 
Libraries are constructed by a mixture of short adaptor-flanked fragments. This 
system has been put into protocols for mate-paired reads libraries with controllable 
and highly flexible distance (600 bp to 10 kbp) distributions (Shendure et al. 2005) 
(Ng et al. 2005). Clonal DNA sequence are generated by emulsion PCR, after 
breaking the emulsion, beads bearing amplification products are selectively 
recovered, and then immobilized to a solid planar substrate to generate a dense, 
disordered array. Sequencing by synthesis is driven by a DNA ligase. A general 
primer complementary to adaptor sequence is hybridized to the array of 
template-bearing beads. Each cycle of sequencing involves the ligation of a 
degraded population of fluorescently labeled octamers (eight nucleotides 
sequences), identity of specific position(s) within the octamers correlate with the 
identity of the fluorescent label. After ligation, images are generated in four color 
channels, effectively collecting data for the same base positions across all 
template-carrying beads. Then, the octamer is chemically cleaved between 
positions 5 and 6, removing the fluorescent label which connected on position 8. 
Therefore, each rounds of octamer ligation enable sequencing of every 5th bases 
such as 5, 10, 15 (Figure 1-5).  
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A. Library Preparation 
Fragment library.                   Mate-paired library. 
 
B. Emulsion PCR 
 
C. Bead Enrichment 
 
D. Bead Deposition 
 
E. Sequencing by Ligation/Data Analysis  
 
Figure 1-5. Workflow of SOLiD. A. use two types of libraries—fragment or mate-paired. The choice of 
library depends on what type of application is going to perform. B. Prepare clonal bead populations in 
microreactors containing template, PCR reaction components, beads, and primers. C. After emPCR, 
denature the templates and perform bead enrichment to separate beads with extended templates from 
undesired beads. The template on the selected beads undergoes a 3’ modification to allow covalent 
bonding to the slide. D. Deposit 3’ modified beads onto a glass slide. During bead loading, deposition 
chambers enable to segment a slide into one, four, or eight chambers. A key advantage of the system is 
the ability to accommodate increasing densities of beads per slide, which will give a higher level of 
throughput from the same system. E. Primers hybridize to the P1 adapter sequence within the library 
template. A set of four fluorescently labeled probes compete for ligation to the sequencing primer. 
Specificity of the probe is achieved by interrogating every 1st and 2nd base in each ligation reaction. 
Multiple cycles of ligation, detection and cleavage are performed with the number of cycles determining 
read length. Following a series of ligation cycles, the extension product is removed and the template is 
reset with a primer complementary to the n-1 position for a second round of ligation cycles. Five rounds 
of primer reset are completed for each sequence tag. For mate-paired libraries, the entire process is 
repeated for the second tag with primers complementary to the internal adaptor. Analyze the data in 
color space for rapid discrimination between system errors and true polymorphisms 
(http://www.appliedbiosystems.com). 
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After several cycles, the primer is degraded to reset the system. Subsequent 
iterations of this process can be directed at a different set of positions such as bases 
3, 8, 13, 18 either by using a primer that is set back one or more bases from the 
adaptor-insert junction, or by using different mixtures of octamers where a different 
position (e.g., base 2) is correlated with the label. SOLid’s accuracy is greater than 
99.94%, generates over 20 gigabases per run and a 25-35 bp read length 
(http://www.appliedbiosystems.com). 
6. Comparison 
Currently, the per-base cost of sequencing with the 454 platform is much greater 
than that of other platforms such as SOLiD and Solexa, but it may be the method of 
choice for certain applications where long read-lengths are desired. A major 
limitation of the 454 technology relates to homopolymers (consecutively same base, 
such as AAA or CCC). The dominant error type for the 454 platform is 
insertion-deletion, rather than substitution. The performances of three platforms 
are listed in Table1-1. 
Read-length of Solexa is limited by multiple factors such as incomplete cleavage of 
fluorescent labels or terminating moieties. Average raw error rates are around 
1–1.5%, but higher accuracy bases with error rates of 0.1%. The dominant error 
type is substitution, rather than insertions or deletions (and homopolymers are 
certainly less of an issue than with other platforms such as 454). 
The common disadvantage to 454, SOLiD is that emulsion PCR can be cumbersome 
and technically challenging. On the other hand, it is possible that sequencing on a 
high-density array of very small (SOLiD 1 μm) beads may represent the most 
straightforward opportunity to achieve extremely high data densities (Shendure1 et 
al. 2008).  
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 Comparison of sequencing platform performance. 
Platform Throughput 
(million bp/day) 
Throughput 
(million bp/run) 
Distance of 
mate-paired 
Reads 
length (bp) 
Cost per 
megabase 
Instrument 
cost 
454 FLX 200 100 3 kbp 400 $60 $500,000 
SOLiD 200-300 1000-3000 600 bp–10 kbp 25-35 $2 $591,000 
Solexa >=200 1000-1500 <10 kbp >36 $2 $430,000 
 
Table 1-1. Comparison of sequencing platforms . The instrument cost and cost per megabase are 
reference price. 
 
 16
Chapter 2. Challenges and usages 
The revolution of sequencing technology has led to the dramatically lower costs and 
higher throughput in the sequencing production. However, the development 
challenges bioinformatics community. This chapter describes the problems caused 
by both of new sequencing technologies and human genome. And introduces some 
new usages of next-generation technologies for human genome. 
1. More data and shorter length 
The sequencing methods from 454 Life Sciences, Illumina/Solexa and Applied 
Biosystem (SOLiD) are already available. These technologies significantly increase 
sequencing throughput, reach millions of DNA fragments (reads) per a single 
machine run. The various technologies differ in the procedures used to array the 
template fragments: 454 and Applied Biosystems attach them to micro-sized beads 
Solexa attaches the DNA directly to the microchip.  
As reads number is increasing, however, the major difference between the new 
technologies and the traditional Sanger sequencing is that reads generated by the 
new technologies are much shorter than sequences generated by Sanger method. 
454 sequencer reads are 400 bp, Illumina reads are 36 bp and SOLiD reads are 
25-35 bp. 
These characters of the new technologies present major bioinformatics challenges. 
The shorter read length and absence of paired ends make it difficult particularly for 
genome assembly. Assembly software hardly recognizes repetitive regions, 
therefore, resulting in gapped alignment. Currently, Sanger method offers about 
1000bp reads, so if a repeat region is obviously short than the reads length, Sanger 
data would easily span it. However, the same repetitive region will cause gapped 
alignment for short reads assembly (Figure 2-1). 
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Short reads data 
 
Figure 2-1 Repeat regions effect on long and short read assemblies. The middle section represents a set 
of repetitive region, longer than 30 bp within a 50-kbp region of the Yersinia pestis CO92 genome. The 
blue boxes represent repeats longer than 800 bp, the red boxes are shorter than 800 bp. At the top of the 
figure, an assembly of this region with Sanger data would result in the set of contigs. Correctly spanning 
the short repeats and only breaking at long repeats. The thin lines (paired-ends) connect the contigs 
across the repeats. The bottom section represents the assembly generated by short reads data, there are 
more gapped fragments, breaking at all repetitive regions, and lacking long range connectivity caused by 
the absence of paired-end data (Mihai et al. 2007). 
 
Repeats are the primary problem of this complexity, specifically repetitive 
fragments longer than the length of reads. An assembler must either guess the 
correct genome from among a large number of alternatives or restrictedly assemble 
only the non-repetitive segments of the genome. Therefore, often produce incorrect 
assembly or fragmented assembly. To solve the complexity of the assembly problem, 
there are two major solutions, ① the longer reads, ② using mate-paired reads 
(already known the approximate distance of pairs of reads within the genome). 
Paired-end reads are particularly useful as they allow the assembler to correctly 
resolve repeats and to provide an ordering of the contigs along the genome. 
2. Gene duplication 
The project of human genome draft recognized three kinds of gaps (Bork et al. 
2001). First, gaps are contained within the sequence assembly of the ordered clones. 
These are trivial gaps, each no more than a few 100 bp in length. Most of them can 
be filled by existing sequencing projects. The second type is between ordered clones 
and sequence contigs. These are larger than first type, some of these can be easily 
filled by the identification and sequencing of bridging clones obtained from 
paired-end sequence data. Others represent genomic fragments which do not 
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present within existing clone libraries. Such regions were highlighted during the 
closure of chromosome 21 and 22 (Dunham et al. 1999) (Hattori et al. 2000) and 
purportedly are similarly recalcitrant to sub-cloning. Specialized technologies are 
required to close such gaps in the clone map. 
The third kind of gaps is associated with almost identical fragmental duplication. The 
duplicated sequences in human genome result gaps from the underrepresentation 
and misassembly. The examination of nearly identical sequencing (90– 98% 
sequence identity and >1 kb in length) duplications throughout the genome 
revealed that a modest fraction of the genome (~5%) consists of large duplicated 
fragments (Bailey et al. 2001). The large-scale segmental duplication of human 
chromosomes distributes upon chromosome 2 to 12, and 18 to 20 (Venter and Zhu 
et al. 2001).  
There are three possible outcomes when encounter large nearly identical duplicated 
sequences during sequence and assembly. (a) The sequences may be correctly 
recognized as distinct and properly resolved, (b) the sequences may be 
underrepresented due to the presence of identical sequence already in the 
databasw, so leave gaps, (c) may be incorrectly assembled into a single sequence 
contig (Figure 2-2). 
 
(a) Misassembly 
(a) Underrepresentation 
A’ 
A 
A 
A’ 
A’ A 
(a) correctly assemble duplicated sequence A and A’ 
Figure 2-2 The three possible outcomes of duplicated sequences. (a) The sequences are correctly 
assembled (b) underrepresented duplication. (c) Incorrectly assembled into same sequence contig. 
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3. Mate-paired reads 
‘mate-paired’ refers to how the library is made, and then how it is sequenced, 
relates to methodology that give the information about the physical distance 
between the two sequenced regions in target genome.  
For example, in 454 system, these mate-paired reads are have a 44-mer adaptor 
sequence in the middle flanked by a approximately 100-mer sequence on each side. 
The two flanking 100-mers are segments of DNA that were originally located 
approximately 3 kb apart in the genome of interest. 
There are three pieces of available information, ①the tag A sequence, ②the tag B 
sequence, ③they are 3 kb apart in the target genome. This gives the ability to map 
reads to a reference using that distance information. It helps dramatically to resolve 
larger structural rearrangements (insertions, deletions, inversions), as well as 
helping to assemble across repetitive regions. Structural rearrangements can be 
deduced when read pairs map to a reference at a distance that is substantially 
different from how that library was constructed (3 kb in the previous example). If 
tag A sequence and tag B sequence are mapped to the reference more than 3 kb 
apart, this suggests there has been an insertion between those two sequences 
within the target genome. If they are mapped less than 3kb apart on the reference, 
this suggests that target genome has a deletion. Overcoming repetitive region is 
similar. If tag A sequence is in a repetitive region, but another is not. The first one 
should be 3kb away from the second one. 
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4. The applications of next-generation sequencing 
There are several remarkable applications of next-generation sequencing 
technologies are under developing. 
4.1 Cancer genome 
Recent large-scale resequencing studies have revealed that cancer genes contain 
variable numbers of somatic point mutations. These somatic mutations most likely 
include passenger mutations (not cancer causing mutations) and pathogenic 
mutations in cancer genes. The primary aim of cancer gene screens is to identify 
pathogenic mutations that are implicated in cancer development. Moreover, the 
proteins encoded by some of these cancer genes have been using for new 
anticancer drug development. Large-scale resequencing method used to uncover 
mutated genes in cancer is producing remarkable wealth. Approximately 1% of 
human genes had been shown that to be mutated in cancers. Implying the list of 
cancer genes was underestimated of the total number of genes that can be mutated 
to produce cellular growth advantage. (Futreal et al. 2004). 
With the advent of next-generation sequencing technologies which do not require 
clones. Genome resequencing studies are becoming more and more cost effective. 
A study, using the 454 sequencing technology, showed the potential of 
next-generation sequencers to detect rare variants present in specific 
subpopulations of cells (Thomas et al.2006). The ability to detect cancer genome 
heterogeneity is due to the use of sequencing templates that have been clonally 
derived from a single molecule. This feature is particularly important in cancer 
research. 
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4.2 Extended genome rearrangements in cancer 
Cancer is a genetic disease caused by accumulated of mutations that lead to 
uncontrolled cell growth and proliferation. Genetic changes include point mutations 
and extended genome rearrangements, such as translocations, inversions, small 
insertions/deletions (indels), structural variations (SVs) and copy number variants 
(CNVs). Indel is defined as corresponding DNA length <1 kb, whereas CNV is similar 
event involving >1 kb DNA (Freeman et al. 2006). Extended genome 
rearrangements result in either protein products or misregulation of gene 
expression due to the mutated coding sequences of the regulatory genes are 
common types of mutations associated with known cancer genes (Futreal et al. 
2004). 
The importance of extended rearrangements in cancers stimulates the development 
of various methods for their detection.  
4.3 paired-end reads mapping for human genome  
A method of paired-end reads mapping for the analysis of human genome SVs was 
reported (Korbel. et al. 2007). It utilizes the isolation of 3 kb sequence fragments 
and end sequencing with 454/Roche technology, followed by mapping of paired-end 
reads back to the reference sequence. Korbel developed a computational algorithm 
for the method. 
The method indicates structural rearrangements with the differences between the 
fragments identified by the paired-end reads and the corresponding regions of the 
reference sequence. There are five predefined models (Figure 2-3). 
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Human reference genome 
 
sample sequence 
Human reference genome
  
 
sample sequence 
Human reference genome
paired ends location in sample genome. 
paired ends fit in human reference genome.  
 Span of paired ends in human reference 
genome.  
 
sample sequence  region deleted in sample genome. 
region inserted in sample genome. Region 
inverted in sample genome.  end maps in 
inverted orientation relative to original locus 
 
Models: Deletions: paired-end spans larger than a specified cutoff D. Simple insertions: span < cutoff I. 
Inversion breakpoint: ends map to the genome at different relative orientations; Mated and unmated 
inversion: sequence integration from a distal locus (Korbel. et al. 2007). 
 
Figure 2-3. The five SVs prediction models 
 
①  Deletions relative to the reference genome were identified by paired ends 
spanning a genomic region in the reference genome longer than a specified cutoff. 
②Simple insertions relative to the reference genome were predicted with paired 
ends that spanned a region shorter than a cutoff. 
③  Inversions were detected through a relative orientation different from the 
reference genome. 
④ Mated insertions contained sequences connected to a distal locus on the basis of 
their paired ends. 
⑤ Unmated insertions contained sequences connected to a distal locus. 
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4.4 Applications for genome function 
Huge number of short reads is quickly and cheaply obtained with next-generation 
sequencing technologies. Those new methods don’t require input an entire large 
genome but a small fraction such as DNA or RNA bound by specific proteins, mRNA, 
nucleases hypersensitive DNA regions. A developing application (called sequence 
census) has been reported. Sequence census avoids the major technical problem of 
microarray that requires the preparation of millions of probes.  
Sequence census technologies have added a new method for the analysis of gene 
expression regulation, which previously has been performed by hybridization-based 
methods such as microarray. The principle behind ‘sequence census’ methods is 
that: DNA or RNA samples are directly sequenced to determine their content, short 
sequence reads are mapped their locations with reference genomes, and once 
mapped, millions of sequence hits are simply counted to determine their genomic 
distribution. Sequence census is based on previous approaches such as serial 
analysis of gene expression (SAGE) and massively parallel signature sequencing 
(Marguerat et al. 2008).  
To determine the DNA or RNA samples which will be sequenced, Sequence census 
technologies adopt the following principle: an antibody that specifically recognizing 
a DNA binding protein is used. The protein of interest that has been cross-linked to 
its DNA-binding sites in living cells can be part of the general transcription 
machinery, including RNA polymerase or any of its accessory factors or other 
DNA-interacting proteins such as those involved in replication or repair (Barbara et 
al. 2008). 
Currently, global analysis of gene expression relies on hybridization-based approach 
such as microarray, which is used for determining relative expression levels or 
changes in gene expression under different biological conditions. Any organism 
which genome sequence is available is fully accessible for all sequence census based 
assays. Because of they do not rely on DNA probes. Unlike hybridization data which 
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consist of continuous signals, sequence census data are made of absolute numbers 
of reads. The countable and digital of these results makes them highly suitable for 
the analysis of gene expression levels, potentially more accurate than microarray.  
One example of sequence census applications is ChIP-Sequencing, also known as 
ChIP-Seq, is used to analyze protein interactions with DNA. ChIP-Seq combines 
chromatin immunoprecipitation (ChIP) with massively parallel DNA sequencing to 
identify binding sites of DNA-associated proteins. It can be used to precisely map 
global binding sites for protein of interest. Previously, ChIP-chip was the most 
common technique utilized to study these protein-DNA relations. 
Applying sequence census approaches to cDNAs, can estimate the relative 
abundance of given transcripts by counting the number of times they are hit by 
sequence reads. 
Another application of sequence census is for RNA (RNA-Seq). For profiling mRNA 
populations, it can offer more than microarray. For example, RNA splices have even 
densest tiling arrays, they can be nicely mapped by sequence census methods. Also, 
the methods can unambiguously detect RNAs from a rare subpopulation of cells 
contributing to the sample. But there are limits and problems. For example, require 
robust paired-end reads (or use of longer reads) than those obtainable today. All 
RNA-Seq datasets present a new informatics challenges, including how best to 
interpret and use reads that map to multiple sites because of gene paralogy. And the 
quality of a given transcript’s map will depend on its RNA prevalence class because 
rare transcripts do not provide enough reads to map their splices or even to verify 
the presence of specific exons, unless the input RNA sample is put through prior 
normalization (Barbara et al. 2008). 
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Chapter 3. After the next-generation DNA sequencing 
The next-generation sequencing technologies more likely become even higher 
throughput, more sensitive and cost-effective based on improvements to chemistry, 
engineering. However, there is an ongoing need for revolutionary advances such 
that individual genomics can indeed become a cost-effective component of standard 
medical care. Several additional sequencing approaches are currently being 
designed and developed, including several single molecule based approaches and 
nanopore sequencing. Although none of these methods has been demonstrated 
experimentally, they are interesting because they show high sensitivity, low cost. 
1. Several single molecule based approaches 
This method obtains sequence information in a single DNA template as its 
complementary strand is synthesized, requires the time resolution to distinguish 
successive incorporations. After each successful incorporation event, a fluorescent 
signal is measured and then invalid by photobleaching. This method allows massive 
parallelism, the experiment is able to monitor hundreds of templates 
simultaneously. 
The surface of a quartz slide was chemically treated to specifically anchor DNA 
templates while preventing nonspecific binding of free nucleotides and a plastic flow 
cell was attached to the surface to exchange solutions. DNA template were 
hybridized to a fluorescently labeled primer and bound to the surface via 
streptavidin and biotin with a surface density low enough to resolve single 
molecules. The primed templates were detected through their fluorescent tags, 
their locations were recorded for future reference, and the tags were photobleached. 
Labeled nucleotide triphosphates and DNA polymerase enzyme were then washed in 
and out of the flow cell while the known locations of the DNA templates were 
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monitored for the appearance of fluorescence. This technique show that DNA 
polymerase is active on surface of immobilized DNA templates and can incorporate 
nucleotides with high fidelity (Braslavsky et al. 2003). 
 
 
Primed DNA template attached to the surface of a microscope 
slide via streptavidin-biotin. Cy3- (and Cy5-) labeled 
nucleotide is synthesized.  
 
 
 
 
Figure 3-1. Several single molecule based approaches. (Braslavsky et al. 2003) 
 
2. Nanopore sequencing 
The first suggestion of nanopores was from Harvard University in 1996 (Kasianowicz 
et al. 1996). A nanopore is a tiny hole, 1 nanometer in internal diameter. The 
nanopores are made from a ring of seven α-haemolysin membrane proteins. When 
each of the four bases goes through the tiny hole, might reveal by distinctive 
voltage changes in ion flow. A slight electric current due to conduction of ions 
through the nanopore can be observed, and the amount of current is exceedingly 
sensitive to the size of the nanopore. If DNA molecules pass through the nanopore, 
this can create a change in the magnitude of the current through the nanopore 
(Ashkenas et al. 2005). The potential is that a single molecule of DNA can be 
sequenced directly using a nanopore, without the need for an intervening PCR 
amplification step or a chemical labelling step.  
Solid-state nanopores are generally made in silicon compound membranes, one of 
the most common being silicon nitride. Solid-state nanopores can be manufactured 
with several techniques including ion-beam sculpting and electron beams (Li et al. 
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2001) (Storm et al. 2003). 
Hagan Bayley (chemical biologist at the University of Oxford) and his colleagues 
showed the distinguishable signal as single nucleotide across nanopores in 2006. 
Currently, DNA cannot be run continuously through the nanopore, the major reason 
is that need hold each base in the pore long enough to disrupt the flow of ions for 
sequence detection. Bayley’s team made two alterations. At the pore’s mouth, place 
an exonuclease, an enzyme that sequentially cleaves nucleotides from the end of a 
nucleotide strand. The enzyme cut off each base and directs it into the hole. At the 
other end of the pore, insert a ring-shaped cyclodextrin plug to narrows the neck 
(Figure 3-2). The passing bases have to squeeze through this plug and, their 
phosphate group on the nucleotide briefly binds the cyclodextrin and blocks the pore. 
Because the bases are different sizes, they sit within the cyclodextrin for different 
length of time, and 
fill it to different width, giving characteristic readouts for each base (Sanderson et al. 
2008). 
 
 
 
Figure 3-2 the nanopores sequencing. During single nucleotide go through the tiny hole, its phosphate 
group briefly binds the cyclodextrin and blocks the pore, give distinguishable signal by disrupting the flow 
of ions. The exonuclease cuts off each base, cyclodextrin plug narrows the exit (Sanderson et al. 2008). 
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Chapter 4. Short reads assembly 
Before discuss the tools of short reads assembly, introduce the concept: reads 
quality, an important knowledge about reads assembly. And in following section, 
talk about two softwares of assembler, MAQ and BOWTIE. 
1. Phred quality score 
An automatic sequencer translates base-calling into a sequence of bases. The 
processed traces are usually displayed in the form of chromatograms in which 
consists of the curves of four different colors; each curve represents the signal for 
one of the four bases. And read the sequence in the direction from left to right. A 
perfect trace would consist of evenly spaced, non-overlapping peaks. Every peak 
corresponds to a particular base in the sequenced strand (Figure 4-1). Real traces 
deviate from idealized curves, because of a variety of reasons such as imperfections 
of the sequencing reactions, gel electrophoresis, and trace processing. The first 50 
peaks of a trace are noisy and unevenly spaced, because of relatively greater effects 
of the dye (cause anomalous migration of very short fragments) and unreacted dyes 
labeled molecules. Toward the end of the trace, the peaks become progressively less 
evenly spaced as a result of less accurate trace processing (Brent et al. 1998). 
 
 
 
Figure 4-1 Printout from an automatic sequencer that uses fluorescent dyes. Each of the four colors 
represents a different base. N represents a base that cannot be assigned, because peaks are too low 
(Anthony J.F. et al. 2004). 
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Other frequent problems include weak signal strength, signal peaks not 
corresponding to a base, and poorly resolved peaks may yield a single blunt peak. 
They can be resulted from the effect of sequence context, inefficient incorporation of 
the dideoxy nucleotide, impure or degraded reagents, or from laboratory operation 
errors. Secondary structure in the template sequence may halt polymerase, 
resulting in accumulated peaks at one point in the trace (Brent et al. 1998).  
The phred algorithm introduced a great idea that determines a sequence of 
base-calls from the processed trace, including four steps. In the first step, prediction 
of idealized peak locations, use the fact that bases are locally relatively evenly 
spaced to determine the correct number of bases and their idealized evenly spaced 
locations. In the second step, identification of observed peaks. In the third step, the 
predicted peak locations match to the observed peaks, the ordered list of matched 
observed peaks determines a base sequence for the trace. In the last step, check 
unmatched (uncalled) observed peaks. If they represent a base but could not 
associate to a predicted peak in the third step, the corresponding base is inserted 
into the read sequence (Brent et al. 1998). 
The phred method also described an important way that measures the error 
probability of a base-calls sequence from the processed trace. It utilizes four 
parameters for the calculation, (a) Peak spacing. The ratio of the largest peak 
spacing to the smallest peak spacing, each one considers seven neighbors peaks of 
the current one. (b) Uncalled/called ratio, the largest uncalled peak to the smallest 
called peak, and range in seven peaks around the current one. If there is no uncalled 
peak, the largest value at the location of the called base peak is used instead. If the 
called base is an N, phred assigns a large value of 100.0. (c) Uncalled/called ratio, 
but is range in three peaks. (d)  Peak resolution. The number of bases between the 
current base and the nearest unresolved base, times -1. Unresolved base means it 
is called as N (Brent and Green et. al. 1998). 
The final formula is , use of log-transformed error probabilities. q 
is assigned a base-call quality, p is the estimated error probability. If a base-call has 
)(log10 10 Pq ∗−=
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error probability 0.001, its quality is 30 (Brent and Green et. al. 1998). Except phred 
quality, there are other two major quality formats, more details in appendix A. 
2. MAQ algorithm 
MAQ (Mapping and Assembly with Quality) is freely available software, rapidly 
aligns short reads to the reference genome, calculate the error probability to correct 
reads alignment (http://maq.sourceforge.net/). 
MAQ is reference assembly software, that means MAQ aligns reads NOT rely on the 
overlapping parts of reads, but depend on reference sequence. MAQ builds multiple 
hash tables to index the reads and scans the reference sequence against the hash 
tables to find potential read alignment position. 
Hash table is a common technique for storing data in such a way the data can be 
inserted and retrieved very quickly, here the data is reads. Hash table requires a 
data item called key to rapidly index data. MAQ uses six seed templates to calculate 
the key by default. For instance, the seed templates are 11110000, 00001111, 
11000011, 00111100, 11001100, and 00110011 (Ma et. al. 2002). MAQ translates 
nucleotides at ‘1’ position of a template to 24-bit integers with ASCII code. 
Depending on the integers, all reads can be grouped into a number of collections. 
For example, a reads file contains millions of eight nucleotides reads. The reads that 
have same bases at ‘1’ positions of template 11110000 are grouped together. In 
collection 1, those reads have same first four bases such as AAAACGTA, AAAAGACG 
and more. In collection n, the first four bases maybe are CGCT. So MAQ can rapidly 
extracts some reads they have same bases at same positions from a reads file, and 
then builds potential reads alignment. 
To speed up the alignment, MAQ only considers positions in the first 28 bp by default 
option, which is typically the most accurate part of the read (Li et. al. 2008). 
Therefore, the templates must be extended to 28 digits such as 
1111111111111100000000000000, 0000000000000011111111111111. 
MAQ builds six hash tables; each hash table contains all reads. After generating two 
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hash tables with a pair of complementary templates such as 11110000 and 
00001111, the reference will be scanned base by base on both forward and reverse 
strands. Each 28-bp subsequence of the reference will be hashed through the two 
templates and will be looked up in the two hash tables, respectively. 
If a potential reads alignment position is found to a read, MAQ will calculate the sum 
of qualities of mismatched bases q over the whole length of the read, extending out 
from the 28-bp seed without gaps (the current limitation of read length is 63 bp). 
The read with the smallest q will be identified as the best. MAQ only holds reads 
which contain 0-, 1-, and 2-mismatched bases in memory by default. Those reads 
are used to build reads alignment of a reference region. 
Given 12-bp reads, for example, use templates 11110000 and 00001111, they can 
cover all first eight positions of reads, so called complementary templates. Reads B 
and F have identical sequence with reference, A, D and G have one mismatched 
base, E has two mismatches, others have more mismatches (Figure 4-2). 
Depending on those reads with 0-2 mismatches, MAQ builds reads alignment and 
generates the consensus sequence of the reference region (Figure 4-3).  
 
Reference   XXXXXXXAACTTCCAGTCTXXXXXXX
template 11110000 template 00001111
read A  AACTTCGAGTCT read B  AACTTCCAGTCT
read B  AACTTCCAGTCT read E  AACTTCCAGAGT
read C  AACTAGCAATCA read F  AACTTCCAGTCT
read D  AACTTCGAGTCT read J  GATTTCCAGATC
read E  AACTTCCAGAGT read K  AACGTCCAGACC
read F  AACTTCCAGTCT read L  TCAATCCAATCG
read G  AACTTCGAGTCT read M  CCTATCCAGAAT
read H  AACTTTCAATCA read N  GTACTCCATCCA
read I  AACTCAGTTGCG read O  TACCTCCAAACT
…… ……
…… ……
 
Figure 4-2. The underline indicates same bases at 1 positions of templates. Use two temples to extract 
some reads which have same bases at 1 positions of templates. Reads B and F have identical sequence 
with reference, A, D and G have one mismatched base, E has two mismatches. Others have more 
mismatches. Compared with the sum of qualities of mismatches q. only some of them are used to build 
reads alignment. 
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Reference   XXXXXXXAACTTCCAGTCTXXXXXXX
read A  AACTTCGAGTCT
read B  AACTTCCAGTCT
read D  AACTTCGAGTCT
read E  AACTTCCAGAGT
read F  AACTTCCAGTCT
read G  AACTTCGAGTCT
Consensus sequence   AACTTCGAGTCT
 
Figure 4-3. MAQ holds reads that have 0-, 1-, and 2-mismatched bases. Depending them, MAQ builds 
reads alignment. There is a single nucleotide mutation in the consensus sequence. 
 
The approaches reveal MAQ assemble reads rely on the match between a set of 
reads and a reference region, not reads overlapping. Therefore, MAQ cannot do de 
novo assembly, user must offer reference sequence. This example also explains how 
MAQ detects single nucleotide mutations. 
When MAQ obtains reads alignment in a reference region, it will shift one base on 
reference and repeats the previous steps for the alignment of next region (Figure 
4-4). When the scan of the reference is complete, the next two complementary 
templates are applied and the reference will be scanned once again until no more 
templates are left. Each round of alignment creates a reads alignment, they maybe 
same or different, because various templates will extract different reads from reads 
file. 
MAQ guarantees find potential read alignment position with six templates, and 
reads have no more than two mismatches. In addition, it can use 20 templates to 
allow that reads contain three mismatches at the cost of speed.  
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Reference  XXXXXXAACTTCCAGTCTATXXXX  
read A  AACTTCGAGTCT  
read B AACTTCCAGTCT  
read D AACTTCGAGTCT  
read E AACTTCCAGAGT
read F AACTTCCAGTCT
read G AACTTCGAGTCT
read x ACTTCGAGTGTA
read x+1 ACTTCCAGTCTA
read x+2 ACTTCGAGTCTA
read x+3 ACTTCGAGTCTA
read y CTTCGAGTCTAT
read y+1 CTTCGAGTCTAT
read y+2 CTTCCAGTCTAG
First reference region 
Shift two base 
Shift one base 
 
Figure 4-4. MAQ continues next alignment, shifts one base each time. 
 
The MAQ’s alignment strategy cause a problem that how to evaluate three or more 
reads alignments, which one is the best. To solve it, MAQ assigns each alignment a 
mapping quality. The mapping quality Qs is the phred-scaled probability that a read 
alignment may be wrong. 
Prlog10 10−=sQ {read is incorrectly mapped} 
If Qs = 30, it means there is a 1 in 1000 probability that the read is incorrectly 
mapped. 
Suppose a reference sequence x and a read sequence z. Sequencing errors are 
independent at different sites of the read, the probability p(z|x,u) of z coming from 
the position u equals the product of the error probabilities of the mismatched bases 
at the aligned position. For example, if read z mapped to position u has two 
mismatches: one with phred quality 20 and the other with 10, then 
p(z|x,u)= =0.001.  10/)1020(10 +−
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To calculate the posterior probability Ps(u|x,z), the formula is: 
Ps(u|x,z)=p(z|x,u) / p(z|x,v) ∑+−
=
1
1
lL
v
L = |x| is the length of reference sequence x and l = |z| is the length of read 
sequence z (Li et. al. 2008). Ps(u|x,z) describes a proportion between the error 
probability of a single read and the error probabilities of the entire reads alignment, 
use it to compare different reads alignments, find the best. 
Scaling Ps in the Phred way, the mapping quality of the alignment is (Li et. al. 2008): 
Qs(u|x,z) = −10 log10[1 − Ps(u|x,z)]. 
To detect short indels, MAQ fully utilizes the mate-paired reads information in the 
alignment. First align reads with the ungapped alignment algorithm described 
above and then find short indels by utilizing mate-paired information. Given a pair of 
reads, if one end can be mapped with satisfied read quality and error probability, but 
the other end is unmapped, a possible situation is that a potential indel interrupts 
the alignment of the unmapped read.  
For this unmapped read, MAQ applies a standard Smith-Waterman gapped 
alignment in a region determined by the aligned read. Smith-Waterman is a 
dynamic programming algorithm with score matrices, for performing local sequence 
alignment that determines similar regions between two nucleotide or protein 
sequences, instead of looking at the entire sequence. For MAQ alignment, 
Smith-Waterman will only be applied to a small fraction of reads in short regions, its 
efficiency is not a serious issue. 
The last important calculation is consensus quality. Before consensus calling, MAQ 
first combines mapping quality and base quality. If a read is incorrectly mapped, the 
sequence differences inferred from the read cannot be reliable. Therefore, the base 
quality cannot exceed the mapping quality of the read. MAQ reassigns consensus 
quality of each base with the smaller value between the read mapping quality and 
the raw sequencing base quality. MAQ uses the consensus quality to filter most 
possible SNP sites. In data test section, there is an example. 
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3. MAQ workflow 
MAQ rapidly align Illumina/SOLiD reads to the reference genome. With the default 
options, one million pairs of reads can be mapped to the human genome in about 10 
CPU hours with less than 1G memory. Accurately measure the error probability of 
the alignment of each individual read. Depend on the consensus genotypes and 
phred quality assigned to each base, generate polymorphism information. Find 
short indels with paired end reads. MAQ cannot do de novo assembly, aligns reads 
not longer than 63 bp (http://maq.sourceforge.net/). MAQ usually takes 2 million 
reads as a single input. So when the reads file contains more reads, user has to 
separate it into several files by the additional parameter of the format converting 
command. After mapping step, merge them together to form an entire map file. Its 
workflow is shown in Figure 4-5. Relative quality calculation and file format are in 
appendix A, B. 
 
 
A. Convert format. 
Cns2snp 
Assemble 
Match 
Reference Reads Reference sequence file (FASTA format) is 
converted to BFA format. (.fasta) (.fastq)
Reads file (FASTQ format) is converted to BFQ 
format. Separate reads file, if it’s necessary. 
Fasta2bfa Fastq2bf
 Reads (.bfq) Reference (.bfa) 
 
B. map reads to reference sequence. Merge 
map files, if it’s previously separated. Alignment (.map) 
 
C. call the consensus sequence from read 
mapping. Consensus (.cns) 
 
D. Extract SNP information from consensus 
sequence. 
SNP sites  
 
 
 
Figure 4-5. The workflow of MAQ. 
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MAQ also offers a graphical read alignment viewer which is a simple viewer to see 
what happens in a particular region, called Maqview. It is specifically designed for 
the Maq alignment file and allows user to see the mismatches, base qualities and 
mapping qualities.   
4. BOWTIE algorithm 
BOWTIE is an ultrafast short read assembler. It aligns 35bp reads to the human 
genome at a rate of 25 million reads per hour on a typical workstation with 2 
gigabytes of memory. BOWTIE adopts the alignment strategy of Maq, but is about 
35x faster than Maq when aligning to the human genome. Bowtie's output file can 
be converted to the format used by Maq, allowing users to rapidly align reads with 
BOWTIE then identify variations with Maqview (http://bowtie-bio.sourceforge.net). 
Before aligning reads, BOWTIE firstly compresses reads data with Burrows-Wheeler 
transform (Burrows and Wheeler et. al. 1994). The transform is done by sorting all 
rotations of the text. The first rotation is the original text. The second rotation is 
built from first one; its first character is moved to the end of the text. Repeat this 
approach, until positions of all characters are changed. Burrows-Wheeler takes the 
last column as the output, after sorting all rotations with alphabet (Figure 4-6). And 
then substitute characters with integer number by a characters list which in 
alphabet (Burrows and Wheeler et. al. 1994). For example, the output GATCA can 
be substituted as 20310 by using characters list: A=0, C=1, G=2, T=3.  
 
A B C 
Input: 
ATCGA 
ATCGA 
TCGAA 
CGAAT 
GAATC 
AATCG 
AATCG 
ATCGA 
CGAAT 
GAATC 
TCGAA 
All rotations Sorted rotations 
 
 
Output: 
GATCA 
 
 
 
Figure 4-6. The approaches of Burrows-Wheeler transform. A. List all rotations, move first character to 
the end of text. B. Sort all rotations with alphabet. C. Get the result by the last column. 
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Burrows-Wheeler transform significantly decreases data size. During data test, 
BOWTIE compresses a reads file from 677MB to two 5.26MB files (forward and 
reverse reads sequence). This is the reason BOWTIE 35x faster than Maq. The 
alignment strategy of BOWTIE is same as MAQ. After alignment, BOWTIE inverses 
the substitution and transform process to recover the original reads sequence. The 
final alignment can be displayed by Maqview. 
5. Data test 
For testing MAQ and BOWTIE, used a output file from Eland. The file is in Solexa 
format, so first convert it to FASTQ format, the format details and converting 
formula in appendix A, B.  
The reads file is a mutated E.coli cell; its sequencing code is ALO2415. The reference 
sequence (NC_000913) is downloaded from NCBI in FASTA format. BOWTIE version 
is 0.9.6, released on Oct.11.2008. MAQ version is 0.6.8, released on July.28 2008. 
Maqview 0.1.1 is released on Sep.27.2007. 
Compared with two alignments, it seems BOWTIE obtains more SNP sites (Appendix 
D and E). Most of SNP sites are unreliable, so it’s necessary to filter them with 
consensus quality, pick up more possible SNP sites (Table 4-1). In the filtered result, 
MAQ hasn’t two sites, 1397468 and 1397469, the rest are same with BOWTIE result. 
The SNP sites from an unpublished report are shown in Table 4-2 (Skovgaard et. al. 
2008). For some kind of reason, all positions reported by MAQ and BOWTIE are 
shifted one base to the unpublished report. 
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No Position Reference  
 
Consensus  
 
consensus  
quality 
No Position Reference  
 
Consensus  
 
consensus  
quality 
1 299443 C T 96 9 1976527 G T 29 
2 547694 A G 129 10 1976528 G A 28 
3 993143 A M 58 11 2541226 A M 51 
4 1030524 T K 60 12 2546603 T K 49 
5 1208842 C S 64 13 2616100 C G 36 
6 1349228 C Y 43 14 3880708 A C 144 
7 1397468 A W 88 15 3957957 C T 129 
8 1397469 G S 82 16 4224779 T K 47 
 
Table 4-1. The SNP sites of BOWTIE. MAQ has similar SNP sites; however, it hasn’t two sites, 1397468 
and 1397469. 
 
No Position ALO2415 Type 
1 299.442 ? Gly ? Asp mutation 
2 547.693 ? Leu ? Leu mutation  
3 1976.526 – 
1977.302  
? Deletion  
4 2616.099 ? insertion 
5 3880.707 ? dnaA mutation 
6 3957.956 ? Upstream ppiC 
 
Table 4-2. The SNP sites of ALO2415 form a unpublished report (Skovgaard et. al. 2008). 
 
The consensus quality reveals the weakness of indels detection of MAQ. The two 
indel sites (1976527 and 2616100) have lower consensus qualities (29 and 36 
respectively) than other sites (100-150). The major reason is that MAQ requires 
paired-end reads to improve the detection of indels. However, the ALO2415 file is 
single-end reads that limits the detection function. The alignment is shown in Figure 
4-7. Maqview displays lower reads quality with darker lowercase, bright uppercase 
is higher quality. Red color is mismatched base. 
According to the reference report, the deletion site contains almost 800 bp. Maqview 
only displays a small gap around 20 bp. It means some reads are incorrectly 
mapped to the region, because they have same or similar sequences with reference. 
The same region from Eland result is shown in Figure 4-8, there is a gap without any 
reads. 
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Figure 4-7. Deletion site at 1976527 from Maqview. 
 
 
Figure 4-8. Deletion site at 1976527 from Eland result. 
 
MAQ and BOWTIE confirmed four SNP sites (299443, 547694, 3880708 and 
3957957). For example, at 547694, the reference base is A, most of reads represent 
G with higher reads quality. So the SNP site can be determined (Figure 4-9). 
The insertion is hda::cat mutant, constructed by replacement of hda with cat (Riber 
and Lobner-Olesen et. al. 2006). The reference hasn’t the cat gene, so MAQ couldn’t 
find satisfied reads alignment, left a gap (Figure 4-10). This result reveals the 
shortcoming of reference assembly that can’t offer sequence information of 
insertions, because of the reference without corresponding sequence. 
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 Figure 4-9. SNP site at 547694. 
 
 
 
Figure 4-10. Insertion site at 2616100 to 2617220 
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The interesting finding is that there are two strange SNP sites 1397468 and 
1397469 by BOWTIE (Figure 4-11). From the picture can see several reads contain 
two same mismatched bases T and C with high reads quality. In the reference, the 
sites should be A and G, most of reads also confirm the sites are fake SNPs, it maybe 
caused by CG-rich hairpin sequence.  
 
 
Figure 4-11. The SNP sites 1397468 and 1397469. 
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Conclusion/discussion 
These next-generation sequencing technologies have several characteristics in 
common. First, employ the sequencing-by-synthesis principle, different chemistries 
are used to extend, tag and detect the sequences. Unlike Sanger sequencing, each 
technology provides data derived from amplification of individual DNA molecules.  
This characteristic is important for detecting rare molecules in a population. Second, 
in their current iterations, each of these technologies affords a much higher 
sequence throughput per instrument run at lower cost. 
There are several challenges in their current implementation. Short sequence reads 
are not readily assembled and do not accurately represent genome structure in 
repeated segments of the genome. This shortcoming may be especially problematic 
for those studies seeking to comprehensively map human genome variation, 
because much of it resides within sequence repeats. It presents new challenges for 
sequence assembly and mapping to the genome. In addition, paired-end 
sequencing is still at an early stage of development. In near future, 454 system can 
extend paired-end reads reach 20 kbp. However, the longer distance is still desired 
for overcoming large repetitive regions. Finally, each particular technology has its 
own sequencing accuracy. Despite these barriers, it is clear that these technologies 
offer exciting new opportunities to understand biology from genomics view. It is also 
apparent that these technologies are developing rapidly, the throughput and 
accuracy will increase, and cost will decrease even further. 
Reads assemblers are also developing rapidly. As previous discussed, MAQ and 
BOWTIE can not work for de novo alignment as two reference assemblers. The core 
problem of assembly is algorithm. Currently MAQ can map one million pairs of reads 
to the human genome in about 10 CPU hours with less than 1G memory with the 
default options. It means that take much longer time for sequence alignment of an 
interest gene. When sequence information can be used for the studies of gene 
expression and regulation with wild type and mutations, the number of sequences 
 43
requires more effective tools to treat with flood of huge data.  
It’s hardly to determine which one is better between MAQ algorithm and BOWTIE 
algorithm. BOWTIE’s strategy is fast but more complex, consumes running time on 
transform. MAQ spends running time on six or more templates indexing. When 
acquire more reads and longer reads length, BOWTIE may lose the predominance 
on speed, data compression and recover original reads sequence will take more 
running time. Both of MAQ and BOWTIE use Maqview to display their reads 
alignment, it makes easy for biologist to investigate the potential SNP sites. The 
graphical interface is so necessary. Unfortunately, not all of assembler adopt the 
method including Eland. 
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Appendix A: Other quality standards  
1. Solexa quality 
Another widely used quality definition is Solexa quality. The error probability is p, 
the Solexa quality q is 
)10log(/))1/(log(*10 ppq −−=  
 
The Solexa quality can be converted to Phred quality, the formula is given in Perl 
code. $sq is Solexa quality, $Q is Phred quality. 
)10log(/))10/)64)($*((*101log(*10$ −+= sqordQ  
Where ord () gives the ASCII code of a character. 
 
2. FASTQ quality 
The previous chapter describes MAQ, one of the short reads assembler. It utilizes 
FASTQ quality format, the converting is also given in Perl code. If the Phred quality 
is $Q, the FASTQ quality is $q. 
)33)93:$?93(($$ +<== QQchrq  
Where chr () convert an integer to a character based on the ASCII table. If $Q is less 
than or equal 93, $q is $Q+33. If $Q is more than 93, $q is 93+33. 
 
Conversely, given a character $q, the corresponding Phred quality is 
33)($$ −= qordQ  
(http://maq.sourceforge.net/fastq.shtml) 
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Appendix B: Reads file formats 
There are three major reads file formats widely used by short reads assembler.  
An important note: when convert Solexa quality to MAQ format, should firstly 
translate it to phred quality, and then convert phred quality to MAQ quality format. 
1. Solexa format 
In the Solexa format, the first line is symbol @, followed by sequence name. The 
second line is base sequence. The third line is ‘+’, the sequence name following ‘+’ 
is optional. If the sequence name appears right after ‘+’, it should be identical to the 
sequence name following ‘@’’. The fourth line is quality value; the length is identical 
to the base sequence (Figure B-1). 
 
@EAS46_6_R1_2_4_312_324 
GATCTGCAAAGACGATCTGGCACCTTCATTAGGTC 
+ 
bbbbbbbbbbbbbbbbbbbbbbbbbbb^bb`X[`` 
@EAS46_6_R1_2_4_312_792 
ACCAGCAGATAGCGAATTTTGTTCTGCCAGCGCTT 
+ 
bbbbbbbbbbbbbbbbbbb^bbZbb^bbbb```[` 
@EAS46_6_R1_2_4_312_383 
AATTCTTGATGCGCAAAGTCAGCAAGAAATCCCGC 
+ 
bbbbbbbbbbbbbbbbbbbbbbbbbbbbbb````` 
 
Figure B-1. The example of Solexa reads format. 
2. FASTQ format 
FASTQ format looks pretty likes Solexa file (Figure B-2). However, they differ in the 
quality string. If the ASCII code of a quality character is higher than 90, probably 
the file is Solexa format (http://maq.sourceforge.net/fastq.shtml). 
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@EAS338_5_7_1_1095_159  
GATAAGTTATAAAAACCTTGCGTAGAATAGCGATA 
+ 
CCCCCCCCCCCCCCCCCCCCCCCCCCC?CCA9<AA 
@EAS338_5_7_1_260 _1960 
GTTATCTTCCAGTAAATTTATCGTCTCTTCTAACA 
+ 
CCCCCCCCCCCCCCCCCCC?CC;CC?CCCCAAA<A 
@EAS338_5_7_1_124 _1611 
GAATTTCATTAAATTCGGCGGCAAGCGCACGACAG 
+ 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCAAAAA 
 
Figure B-2. The example of FASTQ reads format. 
 
3. FASTA format 
The Solexa format and FASTQ format store sequences and quality string in a single 
file, the FASTA format includes two files, sequence file and probability score file 
(Figure B-3, B-4). The probability score file lists four quality scores in the order of A, 
C, G, T. Each set of four scores corresponding to one base call in the sequence file. 
 
>1_168_0365_0364 
AAGTTAAAAGTATGTGTGTCCTATGTCCTCAAGAA 
>1_168_0021_0625 
TTTTTTTATACACTTCAAAAAAAAAAAACCCTAGA 
 
Figure B-3 FASTA sequence file: 
 
40  -40  -40  -40      40  -40  -40  -40     -40  -40   40  -40 
 -40  -40  -40  40      -40  -40  -40  40      40  -40  -40  -40 
 40  -40  -40  -40      40  -40  -40  -40      40  -40  -40  -40 
 
Figure B-4 probability score file. 
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Appendix C. The MAQ output format. 
In MAQ’s .snp output, each line has 12 columns:  
 
1. Chromosome 
 
2. Position 
 
3. Reference base 
 
4. Consensus base 
In this column, IUB Nucleotide Symbols are used for heterozygotes: 
M=A/C, K=G/T, Y=C/T, R=A/G, W=A/T, S=G/C, 
D=A/G/T, B=C/G/T, H=A/C/T, V=A/C/G, 
N=A/C/G/T  
 
5. Phred-like consensus quality, is the key criterion to estimate the reliability of a 
SNP site. 
 
6. Read depth. 
 
7. The average number of hits of reads covering this position. 
In most cases, this number approaches 1.00, which means the region is about 
unique. 
 
8. Highest mapping quality of the reads covering the position. 
 
9. Minimum consensus quality in the 3bp flanking regions at each side of the site 
(6bp in total),  
 
10. Second best call 
 
11. log likelihood ratio of the second best and the third best call. 
 
12. Third best call. 
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Appendix D. BOWTIE SNP sites 
NC_000913 4849  G K 35 43 1.00 63 58 G 225 T 
NC_000913 7707  T K 12 32 1.00 63 24 T 127 G 
NC_000913 17050 A M 0 37 1.00 63 62 A 200 C 
NC_000913 26072 T Y 14 40 1.00 63 46 T 247 C 
NC_000913 65846 A W 27 34 1.00 63 62 A 250 T 
NC_000913 85064 C M 1 42 1.00 63 62 C 175 A 
NC_000913 111192 T K 9 18 1.00 63 4 T 133 G 
NC_000913 111388 T Y 9 29 1.00 63 62 T 228 C 
NC_000913 162313 A R 23 28 1.00 63 14 A 143 G 
NC_000913 182716 A R 14 47 1.00 63 62 A 229 G 
NC_000913 206857 A R 9 23 1.00 63 38 A 183 G 
NC_000913 206948 T K 11 32 1.00 63 62 T 205 G 
NC_000913 207482 T K 1 19 1.00 63 38 T 152 G 
NC_000913 210065 A M 18 33 1.00 63 44 A 116 C 
NC_000913 233118 T Y 4 35 1.00 63 62 T 255 C 
NC_000913 235199 C Y 10 23 1.00 63 48 C 122 T 
NC_000913 249480 T K 39 31 1.00 63 62 T 122 G 
NC_000913 249538 T K 21 33 1.00 63 62 T 150 G 
NC_000913 283227 A R 37 17 1.00 63 16 A 23 G 
NC_000913 285024 A M 7 33 1.00 63 48 A 197 C 
NC_000913 299443 C T 96 30 1.00 63 62 Y 255 C 
NC_000913 299920 A M 21 22 1.00 63 2 A 146 C 
NC_000913 321807 T K 2 32 1.00 63 50 T 226 G 
NC_000913 327513 T Y 27 32 1.00 63 62 T 166 C 
NC_000913 350974 C Y 1 22 1.00 63 48 C 154 T 
NC_000913 373729 T K 24 23 1.00 63 2 T 146 G 
NC_000913 373732 A R 2 18 1.00 63 24 A 162 G 
NC_000913 416812 C S 11 30 1.00 63 50 C 18 G 
NC_000913 432858 T K 9 33 1.00 63 46 T 158 G 
NC_000913 465801 C M 1 32 1.00 63 62 C 169 A 
NC_000913 501944 T Y 3 37 1.00 63 62 T 198 C 
NC_000913 512586 A M 0 27 1.00 63 28 A 212 C 
NC_000913 547694 A G 129 46 1.00 63 62 K 229 T 
NC_000913 549686 G K 4 30 1.00 63 50 G 239 T 
NC_000913 564699 T Y 0 58 1.00 63 62 T 255 C 
NC_000913 602125 A M 9 39 1.00 63 52 A 160 C 
NC_000913 623151 T K 11 16 1.00 63 40 T 77 G 
NC_000913 624238 T K 6 39 1.00 63 40 T 155 G 
NC_000913 653819 A M 12 29 1.00 63 60 A 164 C 
NC_000913 665642 A M 21 31 1.00 63 62 A 185 C 
NC_000913 688753 A M 2 24 1.00 63 30 A 180 C 
NC_000913 738333 A M 8 26 1.00 63 8 A 139 C 
NC_000913 741253 A M 3 26 1.00 63 62 A 208 C 
NC_000913 756712 T K 8 28 1.00 63 50 T 165 G 
NC_000913 757820 C S 6 17 1.00 63 46 C 160 G 
NC_000913 802997 A M 2 27 1.00 63 62 A 210 C 
NC_000913 824126 T K 16 33 1.00 63 62 T 101 G 
NC_000913 831288 T K 14 23 1.00 63 46 T 160 G 
NC_000913 864621 T K 4 22 1.00 63 56 T 135 G 
NC_000913 877415 C M 6 31 1.00 63 30 C 195 A 
NC_000913 891803 C S 3 20 1.00 63 26 C 125 G 
NC_000913 910974 C M 23 40 1.00 63 62 C 193 A 
NC_000913 936752 T K 15 21 1.00 63 56 T 172 G 
NC_000913 940094 C M 19 46 1.00 63 62 C 225 A 
NC_000913 947974 T K 25 27 1.00 63 50 T 139 G 
NC_000913 967636 G K 14 23 1.00 63 48 G 75 T 
NC_000913 968185 T K 6 36 1.00 63 62 T 185 G 
NC_000913 968300 A R 28 33 1.00 63 62 A 169 G 
NC_000913 972921 A R 19 23 1.00 63 36 A 140 G 
NC_000913 986237 A M 16 31 1.00 63 44 A 135 C 
NC_000913 993143 A M 58 27 1.00 63 22 A 141 C 
NC_000913 994305 T Y 0 33 1.00 63 60 T 183 C 
NC_000913 1030524 T K 60 28 1.00 63 24 T 137 G 
NC_000913 1051743 A M 7 32 1.00 63 34 A 164 C 
NC_000913 1071924 T K 26 29 1.00 63 62 T 149 G 
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NC_000913 1083801 T K 1 18 1.00 63 4 T 171 G 
NC_000913 1099177 G S 3 33 1.00 63 54 G 190 C 
NC_000913 1113133 T Y 8 43 1.00 63 62 T 232 C 
NC_000913 1122624 T K 1 25 1.00 63 46 T 127 G 
NC_000913 1144404 T K 13 32 1.00 63 48 T 202 G 
NC_000913 1151100 A M 10 13 1.00 63 40 A 58 C 
NC_000913 1152790 C S 0 26 1.00 63 24 C 198 G 
NC_000913 1163087 T K 7 28 1.00 63 62 T 116 G 
NC_000913 1175329 A R 21 37 1.00 63 62 A 192 G 
NC_000913 1207012 C S 9 29 1.06 63 62 C 226 G 
NC_000913 1208842 C S 64 42 1.00 63 62 C 194 G 
NC_000913 1217170 A M 9 33 1.00 63 16 A 199 C 
NC_000913 1223227 A R 15 38 1.00 63 62 A 203 G 
NC_000913 1241979 T K 14 36 1.00 63 54 T 204 G 
NC_000913 1271050 A W 0 35 1.00 63 62 A 125 T 
NC_000913 1274298 T K 1 31 1.00 63 26 T 198 G 
NC_000913 1274301 A R 26 33 1.00 63 0 A 200 G 
NC_000913 1349228 C Y 43 21 2.00 63 46 C 19 T 
NC_000913 1363045 T K 17 31 1.00 63 56 T 174 G 
NC_000913 1372933 A M 13 27 1.00 63 36 A 139 C 
NC_000913 1375069 A R 12 25 1.00 63 46 A 188 G 
NC_000913 1375763 A M 3 32 1.00 63 62 A 111 C 
NC_000913 1388548 C M 18 30 1.00 63 62 C 210 A 
NC_000913 1397468 A W 88 42 1.00 63 62 A 180 T 
NC_000913 1397469 G S 82 40 1.00 63 62 G 198 C 
NC_000913 1413834 T Y 10 35 1.00 63 62 T 239 C 
NC_000913 1435485 T K 13 31 1.00 63 56 T 206 G 
NC_000913 1446049 A R 1 36 1.00 63 62 A 255 G 
NC_000913 1465520 A R 3 44 1.00 63 8 A 255 G 
NC_000913 1471410 T K 14 27 1.00 63 50 T 162 G 
NC_000913 1509244 C S 27 27 1.00 63 62 C 99 G 
NC_000913 1522160 T K 15 31 1.00 63 16 T 203 G 
NC_000913 1523355 T K 8 36 1.00 63 62 T 154 G 
NC_000913 1544027 A M 4 28 1.00 63 58 A 205 C 
NC_000913 1545478 A R 1 28 1.00 63 62 A 243 G 
NC_000913 1551104 A M 1 25 1.00 63 42 A 104 C 
NC_000913 1560860 G K 39 31 1.00 63 42 G 93 T 
NC_000913 1600880 T K 2 32 1.00 63 34 T 232 G 
NC_000913 1644765 A M 3 31 1.00 63 62 A 172 C 
NC_000913 1645667 A M 6 19 1.00 63 22 A 80 C 
NC_000913 1659296 T K 22 24 1.00 63 60 T 172 G 
NC_000913 1704703 T K 2 26 1.00 63 42 T 156 G 
NC_000913 1711330 A R 31 35 1.00 63 32 A 188 G 
NC_000913 1712194 A M 14 42 1.00 63 62 A 222 C 
NC_000913 1739976 A R 11 25 1.00 63 8 A 222 G 
NC_000913 1761146 A M 3 28 1.00 63 58 A 202 C 
NC_000913 1792411 T W 9 39 1.00 63 62 T 198 A 
NC_000913 1821791 A M 7 27 1.00 63 18 A 180 C 
NC_000913 1845872 A M 3 28 1.00 63 54 A 158 C 
NC_000913 1875714 A M 36 48 1.00 63 56 A 240 C 
NC_000913 1949810 T Y 4 33 1.00 63 22 T 181 C 
NC_000913 1952099 T K 0 40 1.00 63 44 T 226 G 
NC_000913 1952428 C M 3 31 1.00 63 60 C 152 A 
NC_000913 1975291 T W 7 29 1.00 63 18 T 232 A 
NC_000913 1975294 A M 19 26 1.00 63 6 A 177 C 
NC_000913 1976527 G T 29 5 2.25 63 28 K 58 G 
NC_000913 1976528 G A 28 4 2.69 63 28 R 54 G 
NC_000913 1977293 C A 1 3 5.00 63 0 C 25 M 
NC_000913 1977294 C A 1 3 5.00 63 0 C 25 M 
NC_000913 1981739 A M 50 18 1.00 63 2 A 71 C 
NC_000913 2026771 G S 17 35 1.00 63 40 G 161 C 
NC_000913 2069464 T Y 23 38 1.00 63 62 T 232 C 
NC_000913 2138200 A M 1 23 1.00 63 62 A 141 C 
NC_000913 2157492 T Y 3 35 1.00 63 62 T 140 C 
NC_000913 2170158 A M 21 24 1.00 63 36 A 194 C 
NC_000913 2198202 A R 2 37 1.00 63 44 A 255 G 
NC_000913 2208292 A W 2 34 1.00 63 30 A 120 T 
NC_000913 2222811 C S 7 28 1.00 63 60 C 144 G 
NC_000913 2271737 A M 3 40 1.00 63 62 A 203 C 
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NC_000913 2295601 C M 9 38 1.00 63 62 C 208 A 
NC_000913 2300725 A M 36 24 1.00 63 62 A 162 C 
NC_000913 2355683 A R 6 54 1.00 63 62 A 143 G 
NC_000913 2357334 T K 17 24 1.00 63 6 T 49 G 
NC_000913 2357336 A R 6 22 1.00 63 16 A 86 G 
NC_000913 2360862 T K 14 23 1.00 63 32 T 161 G 
NC_000913 2365353 A R 34 31 1.00 63 62 A 143 G 
NC_000913 2373206 A M 8 19 1.00 63 12 A 163 C 
NC_000913 2386357 T Y 1 30 1.00 63 8 T 240 C 
NC_000913 2386359 A M 8 32 1.00 63 0 A 210 C 
NC_000913 2391653 T K 3 31 1.00 63 30 T 222 G 
NC_000913 2392203 A M 8 25 1.00 63 44 A 133 C 
NC_000913 2440601 T K 23 20 1.00 63 60 T 125 G 
NC_000913 2445105 T K 25 21 1.00 63 38 T 113 G 
NC_000913 2457247 T Y 10 22 1.00 63 6 T 205 C 
NC_000913 2464681 C S 14 36 1.00 63 60 C 209 G 
NC_000913 2496837 A M 24 31 1.00 63 62 A 72 C 
NC_000913 2505855 A M 6 21 1.00 63 36 A 184 C 
NC_000913 2508680 T Y 20 32 1.00 63 62 T 216 C 
NC_000913 2535029 C M 4 35 1.00 63 62 C 218 A 
NC_000913 2536863 T Y 2 24 1.00 63 62 T 212 C 
NC_000913 2537531 A M 8 46 1.00 63 12 A 207 C 
NC_000913 2540947 T K 6 27 1.00 63 54 T 185 G 
NC_000913 2541226 A M 51 37 1.00 63 62 A 75 C 
NC_000913 2546603 T K 49 29 1.00 63 50 T 165 G 
NC_000913 2563908 T K 17 32 1.00 63 62 T 180 G 
NC_000913 2616100 C G 36 3 1.00 63 30 N 44 N 
NC_000913 2616101 A C 36 3 1.00 63 0 N 54 N 
NC_000913 2616849 C T 25 1 1.00 63 0 N 5 N 
NC_000913 2616850 C A 22 1 1.00 63 0 N 8 N 
NC_000913 2621644 C M 2 33 1.00 63 62 C 214 A 
NC_000913 2640288 T K 1 36 1.00 63 62 T 230 G 
NC_000913 2646168 T Y 4 31 1.00 63 38 T 248 C 
NC_000913 2647961 A M 14 28 1.00 63 38 A 174 C 
NC_000913 2650316 T Y 5 54 1.00 63 62 T 225 C 
NC_000913 2651702 C M 18 19 1.00 63 62 C 178 A 
NC_000913 2665153 A M 18 35 1.00 63 62 A 187 C 
NC_000913 2670052 A R 33 25 1.00 63 62 A 149 G 
NC_000913 2680577 T Y 38 40 1.00 63 62 T 204 C 
NC_000913 2712464 T Y 25 26 1.00 63 62 T 73 C 
NC_000913 2751231 T K 4 42 1.00 63 62 T 221 G 
NC_000913 2778295 A M 14 21 1.00 63 24 A 107 C 
NC_000913 2785824 C M 7 26 1.00 63 62 C 208 A 
NC_000913 2828966 A M 26 25 1.00 63 30 A 153 C 
NC_000913 2835832 C M 1 43 1.00 63 62 C 192 A 
NC_000913 2838767 C S 9 29 1.00 63 22 C 136 G 
NC_000913 2895722 T Y 31 26 1.00 63 46 T 163 C 
NC_000913 2940432 A R 27 30 1.00 63 62 A 150 G 
NC_000913 3001851 C M 22 30 1.00 63 62 C 87 A 
NC_000913 3023204 A M 2 37 1.00 63 22 A 124 C 
NC_000913 3047330 A M 14 31 1.00 63 30 A 191 C 
NC_000913 3055548 A M 4 35 1.00 63 60 A 203 C 
NC_000913 3087032 A W 4 27 1.00 63 62 A 212 T 
NC_000913 3136221 C S 1 20 1.00 63 62 C 128 G 
NC_000913 3159519 G S 1 31 1.00 63 56 G 172 C 
NC_000913 3178359 T K 22 35 1.00 63 62 T 185 G 
NC_000913 3202430 A M 11 30 1.00 63 60 A 163 C 
NC_000913 3215975 T Y 12 30 1.06 63 62 T 164 C 
NC_000913 3222930 C M 3 21 1.00 63 60 C 152 A 
NC_000913 3222946 C M 15 33 1.00 63 48 C 173 A 
NC_000913 3235695 T W 12 34 1.00 63 62 T 186 A 
NC_000913 3240464 A M 1 27 1.00 63 40 A 187 C 
NC_000913 3249108 T K 5 26 1.00 63 38 T 135 G 
NC_000913 3255642 A R 4 42 1.00 63 40 A 237 G 
NC_000913 3270403 T Y 1 36 1.00 63 6 T 237 C 
NC_000913 3270405 A M 6 33 1.00 63 0 A 193 C 
NC_000913 3277929 C M 1 47 1.00 63 62 C 255 A 
NC_000913 3281751 A R 1 33 1.00 63 44 A 255 G 
NC_000913 3303007 T K 32 33 1.00 63 60 T 136 G 
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NC_000913 3345887 A R 15 52 1.00 63 62 A 210 G 
NC_000913 3348730 G K 6 29 1.00 63 62 G 206 T 
NC_000913 3355929 G K 4 38 1.00 63 60 G 148 T 
NC_000913 3413001 T W 19 38 1.00 63 62 T 252 A 
NC_000913 3422261 C G 4 1 0.00 0 0 N 26 N 
NC_000913 3431590 T Y 29 56 1.00 63 62 T 189 C 
NC_000913 3497090 T K 3 38 1.00 63 44 T 209 G 
NC_000913 3539346 A M 13 40 1.00 63 42 A 123 C 
NC_000913 3547941 A M 28 29 1.00 63 20 A 142 C 
NC_000913 3607576 A M 6 26 1.00 63 54 A 184 C 
NC_000913 3615675 T K 2 29 1.00 63 40 T 229 G 
NC_000913 3624583 T K 5 30 1.00 63 24 T 199 G 
NC_000913 3628031 G K 21 45 1.00 63 62 G 216 T 
NC_000913 3634580 A M 2 23 1.00 63 60 A 187 C 
NC_000913 3647402 A M 11 23 1.00 63 34 A 162 C 
NC_000913 3653046 T K 8 36 1.00 63 62 T 234 G 
NC_000913 3669450 G S 7 20 1.00 63 12 G 115 C 
NC_000913 3733853 T Y 4 30 1.00 63 62 T 176 C 
NC_000913 3740336 T K 10 20 1.00 63 6 T 126 G 
NC_000913 3776541 A M 10 30 1.00 63 14 A 161 C 
NC_000913 3789051 C M 3 37 1.00 63 62 C 255 A 
NC_000913 3810409 C M 24 28 1.00 63 14 C 160 A 
NC_000913 3827946 A W 27 36 1.00 63 62 A 201 T 
NC_000913 3828384 A M 6 23 1.00 63 24 A 146 C 
NC_000913 3863082 T Y 5 39 1.00 63 48 T 215 C 
NC_000913 3867235 T K 12 28 1.00 63 56 T 190 G 
NC_000913 3880708 A C 144 39 1.00 63 62 N 234 N 
NC_000913 3888655 A M 16 51 1.00 63 18 A 186 C 
NC_000913 3931996 A R 19 28 1.00 63 62 A 165 G 
NC_000913 3957957 C T 129 41 1.00 63 62 K 235 G 
NC_000913 3972116 A M 3 35 1.00 63 62 A 200 C 
NC_000913 4000007 A R 7 33 1.00 63 62 A 217 G 
NC_000913 4021756 C S 19 27 1.00 63 52 C 136 G 
NC_000913 4030754 T K 26 30 1.00 63 62 T 150 G 
NC_000913 4045314 T K 3 31 1.00 63 28 T 204 G 
NC_000913 4099527 T K 6 22 1.00 63 2 T 180 G 
NC_000913 4123557 T K 10 34 1.00 63 62 T 180 G 
NC_000913 4142714 T Y 27 42 1.00 63 62 T 165 C 
NC_000913 4147800 C M 5 30 1.00 63 60 C 171 A 
NC_000913 4163252 T K 7 34 1.00 63 62 T 226 G 
NC_000913 4224779 T K 47 35 1.00 63 28 T 108 G 
NC_000913 4241312 T K 11 15 1.00 63 34 T 107 G 
NC_000913 4276531 T K 18 23 1.00 63 38 T 132 G 
NC_000913 4278578 T K 18 19 1.00 63 18 T 151 G 
NC_000913 4294083 C Y 101 58 2.19 30 62 C 110 T 
NC_000913 4330344 T Y 22 33 1.00 63 62 T 192 C 
NC_000913 4344972 A M 10 42 1.00 63 38 A 206 C 
NC_000913 4354021 A M 5 38 1.00 63 62 A 194 C 
NC_000913 4368317 T K 19 32 1.00 63 62 T 202 G 
NC_000913 4443524 T K 11 29 1.00 63 10 T 92 G 
NC_000913 4455118 T K 8 32 1.00 63 58 T 199 G 
NC_000913 4566527 T K 2 44 1.00 63 62 T 204 G 
NC_000913 4583343 G K 18 35 1.00 63 62 G 160 T 
NC_000913 4617453 T K 19 27 1.00 63 62 T 134 G 
NC_000913 4631084 A R 10 30 1.00 63 62 A 212 G 
NC_000913 4632992 A R 2 19 1.00 63 20 A 158 G 
NC_000913 4637890 T K 18 40 1.00 63 62 T 170 G 
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Appendix E. MAQ SNP sites 
NC_000913 4849  G K 35 43 1.00 63 58 G 225 T  
NC_000913 7707  T K 12 32 1.00 63 24 T 127 G  
NC_000913 17050 A M 0 37 1.00 63 62 A 200 C 
NC_000913 65846 A W 27 34 1.00 63 62 A 250 T 
NC_000913 85064 C M 1 42 1.00 63 62 C 175 A 
NC_000913 111192 T K 9 18 1.00 63 4 T 133 G 
NC_000913 111388 T Y 9 29 1.00 63 62 T 228 C 
NC_000913 162313 A R 23 28 1.00 63 14 A 143 G 
NC_000913 182716 A R 14 47 1.00 63 62 A 229 G 
NC_000913 206857 A R 9 23 1.00 63 38 A 183 G 
NC_000913 207482 T K 1 19 1.00 63 38 T 152 G 
NC_000913 210065 A M 18 33 1.00 63 44 A 116 C 
NC_000913 235199 C Y 10 23 1.00 63 48 C 122 T 
NC_000913 249480 T K 39 31 1.00 63 62 T 122 G 
NC_000913 249538 T K 21 33 1.00 63 62 T 150 G 
NC_000913 283227 A R 37 17 1.00 63 16 A 23 G 
NC_000913 285024 A M 7 33 1.00 63 48 A 197 C 
NC_000913 299443 C T 96 30 1.00 63 62 Y 255 C 
NC_000913 299920 A M 21 22 1.00 63 2 A 146 C 
NC_000913 327513 T Y 27 32 1.00 63 62 T 166 C 
NC_000913 350974 C Y 1 22 1.00 63 48 C 154 T 
NC_000913 373732 A R 2 18 1.00 63 24 A 162 G 
NC_000913 416812 C S 11 30 1.00 63 50 C 18 G 
NC_000913 465801 C M 1 32 1.00 63 62 C 169 A 
NC_000913 501944 T Y 3 37 1.00 63 62 T 198 C 
NC_000913 512586 A M 0 27 1.00 63 28 A 212 C 
NC_000913 547694 A G 129 46 1.00 63 62 K 229 T 
NC_000913 564699 T Y 0 58 1.00 63 62 T 255 C 
NC_000913 602125 A M 9 39 1.00 63 52 A 160 C 
NC_000913 623151 T K 11 16 1.00 63 40 T 77 G 
NC_000913 624238 T K 6 39 1.00 63 40 T 155 G 
NC_000913 653819 A M 12 29 1.00 63 60 A 164 C 
NC_000913 665642 A M 21 31 1.00 63 62 A 185 C 
NC_000913 688753 A M 2 24 1.00 63 30 A 180 C 
NC_000913 738333 A M 8 26 1.00 63 8 A 139 C 
NC_000913 741253 A M 3 26 1.00 63 62 A 208 C 
NC_000913 756712 T K 8 28 1.00 63 50 T 165 G 
NC_000913 757820 C S 6 17 1.00 63 46 C 160 G 
NC_000913 802997 A M 2 27 1.00 63 62 A 210 C 
NC_000913 824126 T K 16 33 1.00 63 62 T 101 G 
NC_000913 831288 T K 14 23 1.00 63 46 T 160 G 
NC_000913 864621 T K 4 22 1.00 63 56 T 135 G 
NC_000913 877415 C M 6 31 1.00 63 30 C 195 A 
NC_000913 891803 C S 3 20 1.00 63 26 C 125 G 
NC_000913 936752 T K 15 21 1.00 63 56 T 172 G 
NC_000913 940094 C M 19 46 1.00 63 62 C 225 A 
NC_000913 967636 G K 14 23 1.00 63 48 G 75 T 
NC_000913 968185 T K 6 36 1.00 63 62 T 185 G 
NC_000913 972921 A R 19 23 1.00 63 36 A 140 G 
NC_000913 993143 A M 58 27 1.00 63 22 A 141 C 
NC_000913 994305 T Y 0 33 1.00 63 60 T 183 C 
NC_000913 1030524 T K 60 28 1.00 63 24 T 137 G 
NC_000913 1051743 A M 7 32 1.00 63 34 A 164 C 
NC_000913 1071924 T K 26 29 1.00 63 62 T 149 G 
NC_000913 1083801 T K 1 18 1.00 63 4 T 171 G 
NC_000913 1122624 T K 1 25 1.00 63 46 T 127 G 
NC_000913 1144404 T K 13 32 1.00 63 48 T 202 G 
NC_000913 1151100 A M 10 13 1.00 63 40 A 58 C 
NC_000913 1163087 T K 7 28 1.00 63 62 T 116 G 
NC_000913 1208842 C S 64 42 1.00 63 62 C 194 G 
NC_000913 1217170 A M 9 33 1.00 63 16 A 199 C 
NC_000913 1223227 A R 15 38 1.00 63 62 A 203 G 
NC_000913 1271050 A W 0 35 1.00 63 62 A 125 T 
NC_000913 1274298 T K 1 31 1.00 63 26 T 198 G 
NC_000913 1274301 A R 26 33 1.00 63 0 A 200 G 
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NC_000913 1349228 C Y 43 21 2.00 63 46 C 19 T 
NC_000913 1372933 A M 13 27 1.00 63 36 A 139 C 
NC_000913 1375069 A R 12 25 1.00 63 46 A 188 G 
NC_000913 1375763 A M 3 32 1.00 63 62 A 111 C 
NC_000913 1388548 C M 18 30 1.00 63 62 C 210 A 
NC_000913 1413834 T Y 10 35 1.00 63 62 T 239 C 
NC_000913 1435485 T K 13 31 1.00 63 56 T 206 G 
NC_000913 1471410 T K 14 27 1.00 63 50 T 162 G 
NC_000913 1522160 T K 15 31 1.00 63 16 T 203 G 
NC_000913 1523355 T K 8 36 1.00 63 62 T 154 G 
NC_000913 1545478 A R 1 28 1.00 63 62 A 243 G 
NC_000913 1551104 A M 1 25 1.00 63 42 A 104 C 
NC_000913 1560860 G K 39 31 1.00 63 42 G 93 T 
NC_000913 1600880 T K 2 32 1.00 63 34 T 232 G 
NC_000913 1644765 A M 3 31 1.00 63 62 A 172 C 
NC_000913 1704703 T K 2 26 1.00 63 42 T 156 G 
NC_000913 1711330 A R 31 35 1.00 63 32 A 188 G 
NC_000913 1712194 A M 14 42 1.00 63 62 A 222 C 
NC_000913 1739976 A R 11 25 1.00 63 8 A 222 G 
NC_000913 1845872 A M 3 28 1.00 63 54 A 158 C 
NC_000913 1875714 A M 36 48 1.00 63 56 A 240 C 
NC_000913 1949810 T Y 4 33 1.00 63 22 T 181 C 
NC_000913 1952099 T K 0 40 1.00 63 44 T 226 G 
NC_000913 1952428 C M 3 31 1.00 63 60 C 152 A 
NC_000913 1975294 A M 19 26 1.00 63 6 A 177 C 
NC_000913 1976527 G T 29 5 2.25 63 28 K 58 G 
NC_000913 1976528 G A 28 4 2.69 63 28 R 54 G 
NC_000913 1977293 C A 1 3 5.00 63 0 C 25 M 
NC_000913 1977294 C A 1 3 5.00 63 0 C 25 M 
NC_000913 1981739 A M 50 18 1.00 63 2 A 71 C 
NC_000913 2157492 T Y 3 35 1.00 63 62 T 140 C 
NC_000913 2170158 A M 21 24 1.00 63 36 A 194 C 
NC_000913 2198202 A R 2 37 1.00 63 44 A 255 G 
NC_000913 2208292 A W 2 34 1.00 63 30 A 120 T 
NC_000913 2222811 C S 7 28 1.00 63 60 C 144 G 
NC_000913 2271737 A M 3 40 1.00 63 62 A 203 C 
NC_000913 2357336 A R 6 22 1.00 63 16 A 86 G 
NC_000913 2360862 T K 14 23 1.00 63 32 T 161 G 
NC_000913 2386357 T Y 1 30 1.00 63 8 T 240 C 
NC_000913 2386359 A M 8 32 1.00 63 0 A 210 C 
NC_000913 2391653 T K 3 31 1.00 63 30 T 222 G 
NC_000913 2392203 A M 8 25 1.00 63 44 A 133 C 
NC_000913 2440601 T K 23 20 1.00 63 60 T 125 G 
NC_000913 2445105 T K 25 21 1.00 63 38 T 113 G 
NC_000913 2457247 T Y 10 22 1.00 63 6 T 205 C 
NC_000913 2508680 T Y 20 32 1.00 63 62 T 216 C 
NC_000913 2535029 C M 4 35 1.00 63 62 C 218 A 
NC_000913 2540947 T K 6 27 1.00 63 54 T 185 G 
NC_000913 2541226 A M 51 37 1.00 63 62 A 75 C 
NC_000913 2546603 T K 49 29 1.00 63 50 T 165 G 
NC_000913 2563908 T K 17 32 1.00 63 62 T 180 G 
NC_000913 2616100 C G 36 3 1.00 63 30 N 44 N 
NC_000913 2616101 A C 36 3 1.00 63 0 N 54 N 
NC_000913 2616849 C T 25 1 1.00 63 0 N 5 N 
NC_000913 2616850 C A 22 1 1.00 63 0 N 8 N 
NC_000913 2621644 C M 2 33 1.00 63 62 C 214 A 
NC_000913 2640288 T K 1 36 1.00 63 62 T 230 G 
NC_000913 2651702 C M 18 19 1.00 63 62 C 178 A 
NC_000913 2665153 A M 18 35 1.00 63 62 A 187 C 
NC_000913 2670052 A R 33 25 1.00 63 62 A 149 G 
NC_000913 2680577 T Y 38 40 1.00 63 62 T 204 C 
NC_000913 2778295 A M 14 21 1.00 63 24 A 107 C 
NC_000913 2785824 C M 7 26 1.00 63 62 C 208 A 
NC_000913 2828966 A M 26 25 1.00 63 30 A 153 C 
NC_000913 2835832 C M 1 43 1.00 63 62 C 192 A 
NC_000913 2940432 A R 27 30 1.00 63 62 A 150 G 
NC_000913 3001851 C M 22 30 1.00 63 62 C 87 A 
NC_000913 3023204 A M 2 37 1.00 63 22 A 124 C 
NC_000913 3047330 A M 14 31 1.00 63 30 A 191 C 
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NC_000913 3159519 G S 1 31 1.00 63 56 G 172 C 
NC_000913 3178359 T K 22 35 1.00 63 62 T 185 G 
NC_000913 3202430 A M 11 30 1.00 63 60 A 163 C 
NC_000913 3215975 T Y 12 30 1.06 63 62 T 164 C 
NC_000913 3240464 A M 1 27 1.00 63 40 A 187 C 
NC_000913 3249108 T K 5 26 1.00 63 38 T 135 G 
NC_000913 3255642 A R 4 42 1.00 63 40 A 237 G 
NC_000913 3270403 T Y 1 36 1.00 63 6 T 237 C 
NC_000913 3270405 A M 6 33 1.00 63 0 A 193 C 
NC_000913 3345887 A R 15 52 1.00 63 62 A 210 G 
NC_000913 3348730 G K 6 29 1.00 63 62 G 206 T 
NC_000913 3355929 G K 4 38 1.00 63 60 G 148 T 
NC_000913 3413001 T W 19 38 1.00 63 62 T 252 A 
NC_000913 3422261 C G 4 1 0.00 0 0 N 26 N 
NC_000913 3497090 T K 3 38 1.00 63 44 T 209 G 
NC_000913 3539346 A M 13 40 1.00 63 42 A 123 C 
NC_000913 3547941 A M 28 29 1.00 63 20 A 142 C 
NC_000913 3607576 A M 6 26 1.00 63 54 A 184 C 
NC_000913 3615675 T K 2 29 1.00 63 40 T 229 G 
NC_000913 3628031 G K 21 45 1.00 63 62 G 216 T 
NC_000913 3634580 A M 2 23 1.00 63 60 A 187 C 
NC_000913 3647402 A M 11 23 1.00 63 34 A 162 C 
NC_000913 3653046 T K 8 36 1.00 63 62 T 234 G 
NC_000913 3776541 A M 10 30 1.00 63 14 A 161 C 
NC_000913 3789051 C M 3 37 1.00 63 62 C 255 A 
NC_000913 3810409 C M 24 28 1.00 63 14 C 160 A 
NC_000913 3863082 T Y 5 39 1.00 63 48 T 215 C 
NC_000913 3867235 T K 12 28 1.00 63 56 T 190 G 
NC_000913 3880708 A C 144 39 1.00 63 62 N 234 N 
NC_000913 3888655 A M 16 51 1.00 63 18 A 186 C 
NC_000913 3931996 A R 19 28 1.00 63 62 A 165 G 
NC_000913 3957957 C T 129 41 1.00 63 62 K 235 G 
NC_000913 4000007 A R 7 33 1.00 63 62 A 217 G 
NC_000913 4021756 C S 19 27 1.00 63 52 C 136 G 
NC_000913 4030754 T K 26 30 1.00 63 62 T 150 G 
NC_000913 4123557 T K 10 34 1.00 63 62 T 180 G 
NC_000913 4142714 T Y 27 42 1.00 63 62 T 165 C 
NC_000913 4147800 C M 5 30 1.00 63 60 C 171 A 
NC_000913 4163252 T K 7 34 1.00 63 62 T 226 G 
NC_000913 4224779 T K 47 35 1.00 63 28 T 108 G 
NC_000913 4276531 T K 18 23 1.00 63 38 T 132 G 
NC_000913 4278578 T K 18 19 1.00 63 18 T 151 G 
NC_000913 4294083 C Y 101 58 2.19 30 62 C 110 T 
NC_000913 4330344 T Y 22 33 1.00 63 62 T 192 C 
NC_000913 4344972 A M 10 42 1.00 63 38 A 206 C 
NC_000913 4354021 A M 5 38 1.00 63 62 A 194 C 
NC_000913 4368317 T K 19 32 1.00 63 62 T 202 G 
NC_000913 4443524 T K 11 29 1.00 63 10 T 92 G 
NC_000913 4455118 T K 8 32 1.00 63 58 T 199 G 
NC_000913 4566527 T K 2 44 1.00 63 62 T 204 G 
NC_000913 4583343 G K 18 35 1.00 63 62 G 160 T 
NC_000913 4617453 T K 19 27 1.00 63 62 T 134 G 
NC_000913 4631084 A R 10 30 1.00 63 62 A 212 G 
NC_000913 4632992 A R 2 19 1.00 63 20 A 158 G 
NC_000913 4637890 T K 18 40 1.00 63 62 T 170 G 
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Abbreviation 
 
AMP Adenylate moiety 
APS Adenosine 5'phosphosulfate 
ATP Adenosine triphosphate 
ChIP chromatin immunoprecipitation 
ChIP-Seq ChIP sequencing 
CNV copy number variant 
dATP Adenine based deoxynucleotide triphosphate 
dCTP Cytosine based deoxynucleotide triphosphate 
ddATP Adenine based dideoxynucleotide triphosphate 
ddCTP Cytosine based dideoxynucleotide triphosphate 
ddGTP Guanine based dideoxynucleotide triphosphate 
ddNTP Dideoxynucleotide triphosphate 
ddTTP Thymine based dideoxynucleotide triphosphate 
dGTP Guanine based deoxynucleotide triphosphate 
dNTP Deoxynucleotide triphosphate 
dTTP Thymine based deoxynucleotide triphosphate 
emPCR emulsion-based PCR method 
indel insertions/deletions 
MAQ  Mapping and Assembly with Quality 
Pi Inorganic phosphate 
PPi Pyrophosphate  
SBS sequencing-by-synthesis 
SNP single nucleotide polymorphism 
SV structural variation 
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